A new tool for the Evolutionary Synthesis of Stellar Populations (EPS) is presented, which is based on three independent matrices, giving respectively: 1) the fuel consumption during each evolutionary phase as a function of stellar mass; 2) the typical temperatures and gravities during such phases; 3) colours and bolometric corrections as functions of gravity and temperature. The modular structure of the code allows to easily assess the impact on the synthetic spectral energy distribution of the various assumptions and model ingredients, such as, for example, uncertainties in stellar evolutionary models, mixing length, the temperature distribution of horizontal branch (HB) stars, AGB mass loss, and colour-temperature transformations. The so-called "AGBPhase Transition" in Magellanic Cloud clusters is used to calibrate the contribution of the Thermally Pulsing Asymptotic Giant Branch phase (TP-AGB) to the synthetic integrated luminosity. As an illustrative example, solar metallicity (Y = 0.27, Z = 0.02) models, with ages ranging between 30 Myr and 15 Gyr and various choices for the slope of the Initial Mass Function (IMF), are presented. Synthetic broad band colours and the luminosity contributions of the various evolutionary stages are compared with LMC and Galactic globular cluster data. In all these cases, a good agreement is found. Finally, we show the evolution of stellar mass-to-light ratios in the bolometric and U ,B,V ,R, and K passbands, in which the contribution of stellar remnants is accounted for.
INTRODUCTION
In order to study the formation and the subsequent evolution of galaxies, we have to understand the overall properties of their stellar content. In a galaxy, a mixture of stellar populations of different ages and chemical compositions are present and many efforts have been made in recent years, inspired by the pioneer work of Tinsley (1980) , aimed at modelling the spectral evolution of the various morphological types, from ellipticals to spirals (e.g. Bruzual 1983; Arimoto & Yoshii 1987; Guiderdoni & Rocca-Volmerange 1987; Bruzual & Charlot 1993; Bressan, Chiosi & Fagotto 1994; Tantalo et al. 1996) .
The building blocks of Evolutionary Population Synthesis (EPS) are models for Simple Stellar Populations (SSPs) , that are assemblies of chemically homogeneous and coeval single stars. Thus, before facing the problem of modelling a complex stellar population, as a galaxy, the preliminary condition is to check the accuracy of SSPs computations and their adequacy to reproduce the observable features of stellar clusters, that better resembling the definition of SSP.
Two main approaches have been followed in computing EPS for SSPs. The 'Isochrone Synthesis' technique (Charlot & Bruzual 1991) consists in summing up the contributions to the flux in the various passbands of all mass-bins along one isochrone, after assuming an Initial Mass Function (IMF). The integration starts from a lower mass limit and ends at the latest mass point on the isochrone itself, that usually coincides with the end of the so-called Early Asymptotic Giant Branch (E-AGB) phase. Later stellar phases are then added following individual recipes (e.g. Charlot & Bruzual 1991 ). An alternative approach to compute the luminosity contributions of Post-Main Sequence evolutionary stages is based on the so-called Fuel Consumption theorem (FCT, Renzini & Buzzoni 1986) . Here the main ingredient of synthesis is the amount of nuclear fuel (i.e. the hydrogen and/or helium mass) that is burned in each evolutionary stage. The fuel, a natural product of evolutionary stellar sequences, is converted into bolometric luminosity thanks to the FCT. The luminosities in the various passbands are then computed thanks to a temperature/gravity-colour set of transformations. In principle the two approaches are equivalent, as both are based on stellar evolutionary models, but their practical implementations may result in sizable differences. In the isochrone synthesis method, the integration variable is the stellar mass, that varies along the isochrone. So, bright, but short-lived evolutionary stages span a very narrow range in stellar mass and integrations must use very small ∆M steps. ( We have noticed that mass steps as small as 10
M⊙ are required to achieve a few per cent stability in numerical results.) Coarse mass zoning and poor interpolation algorithms are responsible for the sizable fluctuations occasionally exhibited by population models constructed with the isochrone synthesis method (see e.g. Fig. 7 in Charlot & Bruzual 1991) . The method based on the FCT is instead much more robust in this respect, as the integration variable, the fuel, is directly proportional to the contribution of the various phases to the total luminosity.
At present this method has been followed by Buzzoni (1989) to construct SSPs for ages older than 4 Gyr. In this work we extend the approach to young and intermediate age populations and present SSP models for solar metallicity and ages from 30 Myr to 15 Gyr. The synthesis computational code has been constructed with the aim of better controlling the influence of various model ingredients on SSP models. The comparison with Magellanic Clouds and Galactic globular clusters allows a detailed test for the results. The paper is organised as follows. In Section 2 a detailed description of the algorithm is presented; Section 3 illustrates all model ingredients: stellar input and temperature-colour transformations. Section 4 describes the results and Section 5 shows the various observational tests performed. Finally, in Section 6, our conclusions are drawn.
THE ALGORITHM
The EPS code used in this paper is based on three independent sets of matrices containing the ingredients of the synthesis, namely:
(i) The energetics: the nuclear fuel burned during each evolutionary phase as a function of stellar mass;
(ii) The surface parameters: i.e. the effective temperatures and surface gravities during such phases;
(iii) The transformations to observables: i.e. colours and bolometric corrections as functions of gravity and temperature.
Following Renzini & Buzzoni (1986; hereafter RB86) , the total bolometric luminosity of a Simple Stellar Population (SSP) of age t can be written as the sum of two terms, one for the core hydrogen burning stars (the Main Sequence (MS) stars), one for the evolved ones (the Post-Main Sequence (PMS) stars)
L bol MS depends on the adopted mass-luminosity relation L(M, t) and Initial Mass Function (IMF) Ψ(M ) = AM −(1+x) (A being the scale factor giving the size of the stellar population). L bol PMS is directly connected with the total nuclear fuel burned by stars populating the various evolved stages, through the FCT (see 2.1).
To evaluate the MS bolometric luminosity, we need a set of isochrones, on which to perform a numerical integration weigthed on the IMF
The lower integration limit is the minimum mass igniting H in the core (M inf ). MTO (t) (the turnoff mass) is the mass in the verge of exhausting hydrogen in the core and leaving the MS. We chose as MTO (t) the model with the maximum effective temperature along the isochrone as, by definition, the turnoff point is the bluest point on the Hertzprung-Russel (H-R) diagram. The relation between the age and the corresponding turnoff mass is the evolutionary clock of a stellar population.
Post-Main Sequence contributions: the Fuel Consumption Theorem
The Fuel Consumption theorem (FCT) states that: the contribution of stars in any given Post-MS stage to the integrated bolometric luminosity of a SSP is directly proportional to the amount of fuel burned during that stage (RB86). Its analytical form is
where L bol j (t) is the total bolometric luminosity of stars populating the PMS stage j at the age t. b(t), the "evolutionary flux", is the number of stars evolving off the Main Sequence per year. Fj(MTO) is the nuclear fuel (in M ⊙ ) burned by stars with M =MTO in their j-th evolutionary PMS phase.
The function b(t) is defined as
where Ψ(MTO) is the IMF computed for M = MTO anḋ MTO is the time derivative of the relation MTO(t). At any SSP age, the mass of evolved stars is only slightly greater than MTO(t). Hence, to a fair approximation b(t) also gives the rate at which stars enter or leave any specific post-MS evolutionary stage. The fuel consumption Fj is given by
where mj H and mj He are the amount of hydrogen and helium burned during the phase j, the coefficient 0.1 taking into account that the energy release from helium-burning is ≃ 1/10 than from H-burning. The close coincidence in mass between evolved stars and MTO(t) allows us to refer the PMS fuels to the values proper to a mass equal to MTO(t). As a consequence, mass and age indices are equivalent for PMS stars and the index j will be used to label star masses in the MS and evolutionary stages in the PMS.
This approximation, in which one assumes the flux b(t) to be constant through the various PMS stages, was extensively criticized by Charlot & Bruzual 1991. However, it has been demonstrated that this is actually a very accurate approximation (Renzini 1994) .
From Bolometric to Monochromatic
To compute the SSP total luminosity in the generic photometric band λ, i.e.
we need temperature/gravity -bolometric correction/colour sets of transformations. The (Te, g)ij matrix contains the effective temperatures and the surface gravities of stars in the j-th phase, at the SSP age i (see 3.3 for a detailed description of adopted values). The colour index/bolometric correction matrix (CI, BC) lm contains the trasformations to the observables, i.e. bolometric corrections and colours as functions of the surface parameters (Te, g). l is an effective temperature index and m refers to surface gravity: we defer to 3.4 for a detailed description of adopted sets. The λ-luminosity of the j-star at the SSP age i, L λ ij , is a fraction of its bolometric luminosity L bol ij , as
Luminosities in eq. (7) are in solar units and Q λ ij is defined as
where BC λ ij is the bolometric correction to the λ-band and BC λ ⊙ the same for the Sun. In order to get the luminosity contributions of PMS phases, we divide each phase j into a certain number of photometric sub-phases, burning an equal fraction of the total fuel Fij and having a constant Q-factor (eq. 8). Then we apply eq. (7), summing over these sub-phases. The SSP total λ-luminosity at the age i is finally
A correct link between MS and PMS luminosity contributions is ensured by adopting the same normalization constant A for Ψ(M ) in eq. (2) and (3).
The modular structure of the code allows to easily change a particular ingredient and/or assumption, independently of the others, as assessing just its own impact in the final output (see 5.4 for some examples).
MODEL INGREDIENTS
In this section we describe all adopted model ingredients. The stellar stages included in the synthesis range from the Main Sequence to the end of the Thermally Pulsing Asymptotic Giant Branch (TP-AGB). The Post-AGB has not been taken into account as the U V output of old populations is extremely model dependent (cf. ).
Stellar input
For the MS mass-luminosity relation L(M, t) (eq. 2), a homogeneous set of solar chemical composition (Y = 0.27, Z = 0.02) isochrones (Castellani, Chieffi & Straniero 1992, hereafter CCS92) , with ages ranging from 30 Myr to 10 Gyr has been adopted. An additional isochrone for 15 Gyr has been constructed from the same set of stellar tracks kindly provided by Oscar Straniero. The dwarf-MS component down to 0.1 M ⊙ , has been added using the models of VandenBerg et al. (1983) for Y =0.25, Z=0.02. The small difference in the helium content is not crucial in this context, as the location of the lower Main-Sequence, in the log L -log Te plane, strongly depends on metallicity, but it is rather insensitive to the small variations of Y parameter.
The relation MTO/age (Fig. 1) is obtained via an analytical fit on CCS92 isochrones log MTO(t) = a log t + b log 2 t + c log 3 t + d
where a = 0.212567, b = -0.108394, c = 0.005737, d = 2.981730 (MTO in M ⊙ , t in yr). The time derivative of MTO(t) is also displayed in Fig. 1 . As it is evident, the SSP evolutionary clock,ṀTO, is very fast for the large values of MTO, then its rate drops greatly as MTO decreases. In fact, MTO ranges from ≃ 8.3 at t = 30 Myr to ≃ 0.94 at t = 15 Gyr while, in the same age range,ṀTO drops by more than 4 orders of magnitude. This implies a faster SSP luminosity evolution at young ages (t < ∼ 1 Gyr). The stellar evolutionary tracks used to derive eq. (10) have been constructed using canonical assumptions concerning convective boundaries, i.e. no overshooting. Slightly higher values of MT O for given age are obtained when allowing for convective overshooting, the size of the effect depending on a free parameters. However, no general agreement has yet emerged as to what value should be assigned to the free parameter, and therefore we prefer to use canonical models. Fig. 2 shows the evolutionary flux b(t), i.e. the rate of evolution off the Main Sequence (eq. 4), for four different choices of the IMF slope. The functions b(t) are normalized at b = 1 for t = 15 Gyr, thus a comparison between the different slopes is possible regardless of the SSP size. b(t) is the product of two terms: one increasing (Ψ) and one decreasing (ṀTO) with age. The flatter the IMF, the slower the increase in time of Ψ(M ) and the rapid decrease inṀTO dominates. This results in a greater SSP luminosity evolution for flatter IMFs. Table 1 is our Fij matrix. It gives the amount of hydrogen and helium (in M ⊙ ) that are burned by a star of mass MTO,i in each of its PMS stages. The total nuclear fuel follows from eq. (5), while MTO,i and the corresponding age are related by eq. (10). The adopted values of Fij in Table 1 are basically the same as those used by Renzini (1992) . They have been derived from various sets of evolutionary sequences, including Sweigart & Gross (1978) , Becker (1981) , Sweigart, Greggio & Renzini (1989) , Renzini & Voli (1981) , and Greggio & . These data have been complemented with data from Chieffi & Straniero (1992, private communication) for the fuel consumption during the RGB phase. In principle it would have been most appropriate to use fuel consumption data from a unique, homogeneous set of evolutionary calculations. Unfortunately, such a complete set, covering all evolutionary phases for all stellar masses is still not available. However, the present compromise is largely adequate for the scope of this paper.
The Fuel Consumption matrix Fij
A special care was devoted to estimate the fuel consumption during the TP-AGB phase. Uncertainties in mass loss, mixing, and efficiency of hydrogen burning at the bottom of the convective envelope (known as envelope burning process) together prevent pure theory from predicting the amount of fuel burned during this stage (RB86). The uncalibrated models of Renzini and Voli (1981, hereafter RV81) used by RB86 largely overestimate the TP-AGB contribution for populations younger than ∼ 10 8 yr in comparison with the observed contribution in Magellanic Cloud clusters in the corresponding age range (Frogel, Mould & Blanco 1990, hereafter FMB90) .
The origin of the discrepancy has been controversial for several years, but a decisive hint came from the discovery that TP-AGB stars experiencing the envelope burning process do not follow the canonical AGB core mass-luminosity relation (Blöcker & Schönberner 1991) . The 7 M ⊙ model by Blöcker & Schönberner is much more luminous and evolves ∼ 10 times faster than that predicted by the standard core mass-luminosity relation (e.g. Paczynski 1970a,b) that was used by RV81. The consequence is a drastic decrease of the TP-AGB lifetime and of the TP-AGB fuel consumption, that results in a lower contribution of this phase to the integrated light of a population.
The transition between TP-AGB stars that experience the envelope burning process and those which do not is very sharp, and takes place at a threshold mass that depends sensitively to the mixing length parameter α (RV81). Now, Magellanic Cloud clusters offer an opportunity to calibrate this parameter in such a way to reproduce the observed contribution of AGB stars. Following Blöcker & Schönberner (1991) we assume that TP-AGB stars experiencing envelope burning consume ∼ 10 times less fuel than predicted by RV81, while we retain RV81 fuel consumptions for stars that do not experience envelope burning. In this way the calibration procedure reduces to find the value of α that best accounts for the data. The result is shown in Fig. 3 which compares the theoretical AGB contributions for α = 2 to the Magellanic Cloud cluster data from FMB90. For this value of α stars more massive than ∼ 3 M ⊙ experience the envelope burning process and have the TP-AGB fuel consumption correspondingly reduced. In Magellanic Cloud clusters the number and luminosity of AGB stars is subject to large fluctuations from one cluster to another of similar age, and therefore so does the AGB contribution to the total light. This is a result of small number statistics, as clusters contain at most just a few AGB stars. To cope with this problem, clusters have been grouped in age bins following the classification of Searle, Wilkinson and Bagnuolo (1980) , with the SWB type being related to age by the relation given by FMB90. Within each bin the AGB contribution to the bolometric luminosity was then obtained by adding together the luminosity of all the AGB stars in the binned clusters, and dividing by the sum of all the integrated luminosities of the same clusters. Fig. 3 shows that a jump in the AGB contribution takes place between SWB type III and SWB type V, or at an age of ∼ 0.2 Gyr, with the AGB contribution suddenly increasing from ∼ 10 per cent to over ∼ 30 per cent. This corresponds to the so-called "AGB phase transition" (RB86) due to the development of a bright and well populated TP-AGB phase (see also Renzini 1992) .
The TP-AGB phase is populated by C and M spectral type stars. The production of C (carbon) stars is a function of both metallicity and the initial stellar mass, hence of the SSP age (cf. RV81). From FMB90 data for LMC clusters (their Table 4 ) we have evaluated the C and M star luminosity contributions to the total light for each age bin. As L bol TP−AGB ∝ FTP−AGB (eq. 3), we have then calibrated the fractions of TP-AGB fuel burned by M and C stars as functions of SSP age. The use of LMC GCs as calibrators is unavoidable, as they represents the only available sample of clusters covering a broad age-range and being populous enough, so ensuring that the AGB is reasonably well sampled. These clusters have typically ∼ 1/2 Z⊙ metallicity, but a similar sample for solar metallicity is not available. The dependence on Z may be taken into account using the prescriptions of RV81. This will be discussed in sec. 5.4.2.
The calibration is shown in Table 2 (and Fig. 4 ). As it can be noticed, carbon stars characterize intermediate age Table 2 . The calibration of the TP-AGB fuel (see the text). Column 2 give the total TP-AGB fuel, Column 3 and 4 its fraction burned by C and M type stars respectively, as functions of the SSP age. SSPs, those having a developed TP-AGB. Very old stellar populations (e.g. galactic globular clusters and the Galactic Bulge) do not have C stars, in agreement with theoretical expectations. Fig. 5 shows the total amount of fuel burned in the whole PMS, Fi,T = j Fij, as a function of the SSP age and the turnoff mass. The total fuel decreases with the decreasing mass, till the onset of AGB phase transition, at ages around 0.2 Gyr. Starting from t > ∼ 1 Gyr, Fi,T tends to remain nearly constant as the decrease in the TP-AGB fuel is partly compensed by the increase in the fuel burned on the red giant branch (RGB). This epoch is referred to as "RGB phase transition" (RB86), the mass at the transition being around ≃ 2.5 M ⊙ , in dependence of the chemical composi- tion. As it can be noticed, the PMS total fuel depends only weakly on age, ranging from ≃ 0.5 M ⊙ at t ≃ 30 Myr to ≃ 0.4 M ⊙ at t ≃ 15 Gyr. Also, it is possible to show that the MS luminosity contribution tends to be nearly constant after an age of ≃ 1 Gyr. As a consequence, the luminosity evolution of a SSP is mainly controlled by the evolutionary flux b(t). Fig. 6 shows the time evolution of the fuel consumptions in the various phases. Worth noting is the sharp increase of the RGB fuel consumption at t ≃ 1 Gyr, which is due to the appearence of stars developing a degenerate helium core, a phenomenon known as RGB phase transition (RB86, Sweigart, Greggio & Renzini 1990 ). The small hump in the HB fuel consumption at nearly this same age is also due to the RGB phase transition, with stars with a minimum value of the core mass populating the HB, hence experiencing a prolongued HB phase leading to a local maximum in the hydrogen consumption (cf. Table 1) .
Finally, Fig. 7 shows the contribution of various evolutionary stages to the total bolometric luminosity, L bol ij /L bol i,T , obtained with the procedure described in sec. 2 and the ingredients of sec. 3.1 and 3.2. The energetic of young SSPs (t < ∼ 0.3 Gyr) is dominated by MS stars, that of intermediate age ones (0.3 < ∼ t < ∼ 3 Gyr) by AGB stars and, finally, by RGB stars for t > ∼ 3 Gyr. For ages older than ≃ 6 Gyr, the relative MS contribution tends to rise. This effect is caused by the MS integrated luminosity decreasing slower than b(t). As the total fuel keeps nearly constant, the net result is a lower total luminosity as mainly due to a lower PMS luminosity.
3.3 The temperature/gravity matrix (Te, g)ij
The (Te, g)ij matrix contains the distribution of effective temperatures and surface gravities of the evolutionary phases j at the SSP age i.
Stellar effective temperatures depend crucially on the efficiency of convective energy transfer, parametrized by the mixing lenght parameter α. The use of uncalibrated theoretical effective temperatures in EPS computations is extremely dangerous, as the calibration of α is the synchronization of the EPS clock. CCS92 isochrones are computed for α = 1.6, a value that matches the observed Sun. Moreover, these isochrones have been tested on a sample of well-studied Galactic clusters and account well for the observed location of stars in the various evolutionary stages (see CCS92). The (Te, g)ij values for MS to E-AGB have been taken from CCS92 calibrated isochrones. V83 models have been used for the dwarf-Main Sequence component (0.1 ≤ M < 0.6).
For the TP-AGB phase, the relative proportions of C and M stars as functions of age (from FMB90, see sec. 3.2) are used as indicators of the evolution of the spectral type along the TP-AGB.
The time evolution of the Te ranges spanned by PMS evolutionary stages is displayed in Fig. 8 , while Fig. 9 shows the same for the MS. To note in Fig. 8 the red HB clump at late ages (see 5.4.1). As an example, Table 3 is the (Te, g)ij matrix for i=30 Myr, 1 Gyr and 15 Gyr (MTO = 8.2247, Table 4 . The adopted solar normalization 1.9985 and 0.9380 respectively). By changing the content of the (Te, g) matrix, it is possible to infer the impact on the integrated photometric features of SSPs, of some model parameters such as mixing length and mass loss, that directly influence effective temperatures and surface gravities (see 5.4).
The colour/bolometric correction matrix
The (CI, BC) lm matrix contains bolometric corrections and colour indices, to distribute the total energy through the various passbands. It covers the range of (Te, g)ij matrix and contains empirical colours suitable to TP-AGB M and C type stars. BCV and (U − B) are taken from Kurucz (1992) theoretical grids, on which a quadratical interpolation in log Te, log g has been performed. For Te ≤ 3500
• K, the limit of Kurucz models, some extrapolations have been necessary. (B − V ) colours have been taken from CCS92 isochrones. They are computed on the basis of the empirical color-temperature relation obtained by Arribas & Martinez (1988 , for 4000 K ≤ Te ≤ 8000 K (see the authors for more details); outside this Te range, they are based on Kurucz models. (V − R) and (V − K) colours, for spectral types earlier than K, have been taken from Johnson (1966) empirical tables, on which a linear interpolation in (B − V ) has been performed. For M type stars, the theoretical models by Bessel et al. (1989) have been used. Colours have been linearly interpolated in Te. For M and C type TP-AGB stars (V − R) and (V − K) values have been taken from various sets of observational data (Cohen et al. 1981; Cohen 1982; Westerlund et al. 1991) . Finally, Table 4 shows the adopted values for the solar normalization (from Allen 1991) . By changing the (CI, BC) lm matrix, it is possible to explore the influence on model output of the photometric ingredients and the associated uncertainties.
RESULTS
Evolutionary synthesis models for SSPs have been computed with the algorithm presented in Section 2 and the ingredients described in Section 3. Models are characterized by a solar chemical composition and ages ranging from 30 Myr to 15 Gyr. The model predicts the SSP photometric properties as functions of age, i.e. the broad-band colours (U − V ), (U − B), (B − V ), (V − R) and (V − K), the bolometric corrections, the specific contributions of evolutionary phases to the bolometric and to the broad band luminosities, and the stellar mass-to-light ratios (see App. A, Tables A1, A2 for a complete list). 
The time evolution of integrated colours
The time evolution of synthetic broad-band colours is shown in Fig. 10 .
(U −V ), (U −B) and (B−V ) colours vary smoothly with age, because they trace the turnoff effective temperature. The evolutionary trend of IR colours is instead controlled by the AGB and RGB phase transitions. Their impact is particularly evident in (V − K), rising from ∼ 1.3 to ∼ 3.2 in a short time interval. Its early rise is due to the AGB phase transition starting at t ≃ 250 Myr. The RGB phase transition takes place at t ≃ 500 Myr, contributing to keep values high of (V − K). The modest decrease in (V − K) at 1 Gyr < ∼ t < ∼ 4 Gyr reflects the reduction of the TP-AGB contribution. The TP-AGB phase plays a major role in determining the IR colours at intermediate ages. This can be appreciated looking at models in which the TP-AGB contribution has been omitted (also shown in Fig. 10 ). The impact of the two phase transitions on optical colours is MS SGB RGB HB E-AGB TP-AGB Figure 11 . The evolutionary phase contributions to the total monochromatic luminosities, L λ ij /L λ i,T , as functions of the SSP age, for a Salpeter IMF. much weaker as AGB and RGB stars radiate mostly in the near infrared.
The evolutionary behaviour of integrated colours can be easily understood by looking at the luminosity contributions of evolutionary stages, L λ ij /L λ i,T , shown in Fig. 11 . The UBV emission mainly comes from MS stars at any age, except for t < ∼ 60 Myr, when the major V contributors are He-burning supergiants of intermediate spectral type. The K band reveals the AGB phase transition at intermediate ages, when the TP-AGB contribution rises from ≃ 20 per cent to ≃ 80 per cent. The RGB phase transition is visible in all bands, but particularly in K, where the RGB contribution dominates for t ≥ 3 Gyr. The IMF has no influence on integrated optical colours (Fig. 12) , as the variations induced in U, B and V luminosities are nearly identical, leaving the corresponding colours unchanged. A small dependence is visible only in the infrared, at ages greater than ≃ 1 Gyr, when a dwarf-dominated (x = 2.5) SSP has colours redder than a Salpeter one, because of the contribution of low-mass stars. The Main Sequence contribution is the most sensitive to the IMF slope (see Fig. 13 ). 
The IMF scale factor
The size of a stellar population is direclty connected to the scale factor A of the IMF. Thus it is useful to express A in terms of the integrated luminosity, which is also proportional to the size of a SSP and directly observable. To this aim, we solve eq. (4) for A, obtaining 
where
is the evolutionary flux per unit luminosity of the SSP (the 'specific evolutionary flux'), a quantity nicely independent of the IMF slope (RB86). The total bolometric luminosity L bol T (t) is related to the total monochromatic ones L λ T (t), through the bolometric correc-
B λ c are functions of metallicity, IMF slope and age and are the direct product of synthetic SSP models. So, through eq. (11) and (12), we get A as a function of the luminosity in a certain band.
The ratio between the scale factor A and the bolometric luminosity, and the bolometric correction factors B λ c are shown in Fig. 14, all as functions of age and IMF slope. The L bol T /L λ T ratios are fairly independent of the IMF slope, as far as the IMF is not too steep for masses below ≃ 0.5 M⊙ (i.e., 1 + x ≤ 2.5). This is a consequence of the very narrow mass range producing most of the luminosity at nearly any SSP ages (see sec. 2). As an example, by adopting a Salpeter IMF, we obtain A ≃ 1.12 · L bol T ≃ 2.5 · L B T for a 15 Gyr SSP.
The stellar mass-to-light ratio
At any age, an SSP is composed of 'living' stars and 'deadremnants', according to the initial mass of stars. The stellar mass is given by the convolution of the present mass M (t) with the IMF. The present mass M (t) coincides with the initial mass (M (t) = Min) for Min ≤ MTO(t) while M (t) = MR (the remnant mass) for Min > MTO(t). The kind of remnant also depends on the initial stellar mass: here we adopt the following recipe (cf. Renzini & Ciotti 1993) . For MTO(t) ≤ Min < 8.5, the remnant is a white dwarf of mass MR = 0.077 Min+ 0.48; for 8.5 ≤ Min < 40, stars leave a 1.4 M⊙ neutron star; finally, stars with Min ≥ 40 are assumed to leave massive black-holes of mass MR = 0.5 Min. Fig. 15 shows the evolution of stellar mass-to-light ratios for the bolometric and U, B, V, R and K luminosities. The early time evolution of M * /L is very fast, then, after an age of ≃ 5 Gyr, it becomes mild. For example, M * /L bol T increases of a factor of ≃ 15 in the first 1 Gyr from the burst and only of a factor of ≃ 3 from 5 Gyr to 15 Gyr. Fig.  16 shows the dependence of M * /L on the IMF, M inf being constant. At any age, the M * /L ratios of a dwarf-dominated population (x = 2.5) are much higher with respect to those of a population with a Salpeter or flatter IMF. For t > ∼ 1 Gyr a population with a top-heavy IMF (x = 0.5) has M * /L ratios larger than those of a Salpeter SSP, because of the larger number of heavy remnants.
The M * /L trend is easily understood by looking at the evolution of the total stellar mass and its components (Fig. 17) . The stellar mass of a dwarf-dominated SSP is mainly composed of living stars at nearly any age because of the long evolutionary time-scales of low mass stars. A giant-dominated (x=0.5) SSP, on the contrary, has a larger amount of 'remnants' from massive stars.
We refer to a forthcoming paper for an analysis of the dependence of M * /L on the SSP chemical composition.
COMPARISONS WITH STAR CLUSTERS
Synthetic broad-band colours and the luminosity contributions of evolutionary phases are now compared with the corresponding quantities for Globular Clusters, the natural counterparts of SSPs models. Population size effects limit Harris (1996) . Reddening values have been taken from the authors and the typical error bar is indicated. T96 and BC96 solar models are also plotted. Fig. 18 shows our synthetic (U − B) versus (B − V ) relation, compared with LMC GCs and Galactic clusters data. Observational (B − V ) colours are corrected for reddening following the authors prescriptions; for Galactic clusters (U − B) colours, the relation E(U − B) = 0.8E(B − V ) has been adopted. Tantalo et al. (1996; hereafter T96) and Bruzual & Charlot (1996, private communication; hereafter BC96) models are also plotted.
Colour-colour diagrams
LMC clusters are grouped according to the SWB classification scheme and represented with different symbols (indicated by the labels in Fig. 18, 19 and 20) . Types 1 to 3 correspond to young clusters (t < ∼ 120 Myr, little fill triangles); types 3.5 to 5.5 to intermediate ones (250 Myr < ∼ t < ∼ 2 Gyr, fill dots) and types 6 to 7 to old ones (t > ∼ 3 Gyr, open circles).
The discrepancy between the models and LMC data for (B − V ) > ∼ 0.6 is due to the increasing difference in the metal content. In fact, as already noticed, SWB types > 6 are much more metal poor (Z ≃ 10 −3 − 10 −4 ) compared to earlier type clusters (Z ≃ 0.01). This explains why they are bluer in spite of being older.
In the range (B −V ) < ∼ 0.6, a good agreement is evident and the various models behave in much the same way. Galactic cluster colours are consistent with old ages, in agreement with the standard picture. Fig. 19 shows (V −K) vs. (U −B) compared with a sample of LMC GCs with available infrared photometry (from Persson et al. 1983 ).
As it is well known, intermediate age LMC clusters exhibit a wide range of (V − K) values, from ∼ 1 to ∼ 3.5. This is the result of the combined effect of AGB + RGB development, also visible in a (V − K) vs. (B − V ) diagram (Fig. 20) . The synthetic colours of our calibrated SSP model well agree with the observed ones, in this age range. T96 and BC96 models fail to reproduce the observed trend of IR colours at intermediate ages. Possible reasons will be discussed in the next paragraph.
Comparing different EPS
Analysing the discrepancies between different EPS models is not a simple job. Many factors contribute to produce different results, such as the stellar tracks used, the pho- Fig. 18 with available infrared photometry (from Persson et al. 1983) ; reddening values are taken from the authors and the typical error bar is indicated. As in Fig. 18 , clusters are represented according to the SWB parameter (see labels at the bottom-right). T96 models for two different metal content and Bruzual & Charlot (1996, private communication) solar models are also plotted. The lowest solid line represents our SSP model in which the TP-AGB phase has been omitted. tometric calibrations adopted to transform the theoretical Hertzsprung Russel diagram into observables and the synthesis method itself. In this section we limit ourselves to comment the discrepancy between synthetic (V −K) colours at intermediate ages, as shown in Fig. 19 and 20 . The comparison is made with T96 and BC96. Fig. 21 shows various synthetic broad-band colours as functions of age. The infrared indices of the three EPS models are quite different. The impact of AGB phase-transition at intermediate ages is visible only in our (V − K) model. T96 anticipate its occurence, and their (V − K) shows a jump at t ∼ 10 8 yr. This is in contradiction with the observations. For example, the LMC cluster NGC 1866 (t ∼ 10 8 yr) does not have a developed AGB: according to FMB90, its AGB bolometric contribution is only the 6 per cent of the total.
T96 adopt the analytical prescriptions for the AGB phase as in Bressan, Chiosi & Fagotto 1994 (hereafter BCF94) . These are based on the core mass-luminosity relation from Boothroyd & Sackmann (1988) and do not taken into account the results of Blöcker & Schönberner 1991 (see 3. 2), as emphasized in BCF94 (see BCF94 for more details).
BC96 adopt a semi-empirical receipt (described in Charlot & Bruzual 1991) to determine the position of TP-AGB stars on the theoretical CMD diagram. In their Fig.  4 , the authors compare the predicted fractional luminosity contributions of the AGB with FMB90 data, as we do in Fig.  3 , and a satisfactory agreement is evident. However, the integrated (V − K) of BC96 does not reach the high values observed in the intermediate-age LMC GCs. This is probably due to the energetic associated with C and M type stars (see Table 2 ). Furthermore, Charlot, Worthey & Bressan (1996) underline the lack of carbon star spectra in Bruzual & Charlot (1993) (and BC96) computations. The impact, on IR colours, of the amount of fuel burned by C or M type stars will be discussed in sec. 5.4.2. At the end, it is clear that the major source of discrepancy between all models is the treatment of the AGB phase, as it controls the SSP infrared emission at intermediate ages (cf. Fig. 11) .
On the opposite, the evolution of (U − B) and (B − V ) is very similar for all sets of models. This arises from optical indices mainly depending on turn-off stars (cf. Fig.  11 ). The modest differences arise from the different input stellar tracks. 
The luminosity contributions of evolutionary phases
A fundamental and global test for SSP models is the comparison of the synthetic luminosity contributions of the various evolutionary stages with the same quantities as measured in stellar clusters (cf. Renzini & Fusi Pecci 1988) . We show the results of two tests of this kind.
The first test is performed on an intermediate age LMC GC sample (Ferraro et al. 1995; hereafter F95) , selected with the aim of exploring the effect of AGB and RGB phasetransitions on integrated luminosities. The observed AGB and RGB contributions to the bolometric and K luminosity are compared with the synthetic quantities.
As emphasized by the authors, their cluster sample is rather limited (12 clusters in total) and the available star sample in each cluster is subjected to statistical fluctuations, especially in the case of AGB stars. AGB stars, whenever present, dominate the integrated cluster light, actually driving the IR magnitudes and colours, despite their small numbers. Anyway, the very short lifetimes involved (∼ 3.5 Myr for the whole AGB, Iben & Renzini 1983 ) make highly fluctuating the AGB luminosity contributions from one cluster to another of nearly the same age. To limit this effect, clusters have further been grouped in age bins, following the procedure described in sec. 3.2. The LMC cluster NGC 1987 (s=35) was not taken into account, because the AGB contribution is not properly defined in F95.
The cluster ages are derived from their s-parameter according to the relation log t = 0.079s + 6.05 (Elson & Fall 1988) , as in F95. This relation is based on stellar evolutionary models by VandenBerg (1985) , which adopt canonical convection (no overshooting). Our SSP models are based on a different set of stellar models (CCS92), which also adopt canonical convection. The two age-turnoff luminosity relations are very similar (to within ∼ 10 per cent) and therefore the Elson & Fall s-age relation is consistent with our SSP models. For an s-age relation from overshooting models see BCF94.
The results for the AGB phase are shown in Fig. 22 . The solide line represents the synthetic TP-AGB contribution to the total K-light, and the dotted line refers to the whole AGB (that is, E-AGB plus TP-AGB). The error bars indicate the r.m.s.
The comparison shown in Fig. 22 suggests an agreement between the observed AGB phase transition and the synthetic luminosity contribution of the AGB phase, that, we recall, has been calibrated on the LMC GCs, as described in sec. 3.2. Fig. 23 and 24 show the RGB contribution to the K and bolometric luminosities, compared with the same quantities from F95. Our model simulates the onset and early development of RGB phase transition very nicely.
For old ages (t ∼ 15 Gyr), the test is made with the ∼ Z⊙ Bulge clusters NGC 6528 and NGC 6553, recently observed with HST (Ortolani et al. 1995) .
The empirical contributions of evolutionary stages to the V-luminosity (Lanteri Cravet et al. 1997 and Lanteri Cravet, private communication) are compared with the cor- responding theoretical quantities in Table 5 . To allow a more significative comparison, the synthetic MS V -luminosity has been truncated at the completeness limits of the samples (∼ 1.29 mag. below the TO for NGC 6553, for which V Table 5 are fairly insensitive to the adopted IMF (see Table 6 ). In fact, down to the V lim values quoted above, the stel- Table 6 . The IMF influence on evolutionary phase luminosity contributions of Table 6 ∆V lim T O = 2.95 ∆V lim T O = 1.29 x = 2.5 x = 0.5 x = 2.5 x = 0.5 
Two experiments
Thanks to the modular structure of the code it is possible to explore the impact of changing one or more ingredients and/or assumptions, on integrated photometric properties. We show here the results of two tests: the simulation of an 'intermediate' morphology for the Horizontal Branch at late ages, and the effect of a different contribution of M and carbon stars at intermediate ages.
Effect of a Blue HB
The location of the Helium-Burning (HB) stars of Globular Clusters on a HR diagram displays different morphologies, called 'red-HB' (RHB), 'blue-HB' (BHB) or 'intermediate HB' (IHB), depending on the observed extension towards blue. As well known, the HB morphology shows a correlation with cluster metallicity (the 'first parameter'), but exceptions are so numerous that a 'second parameter' is required. The nature of this second parameter has not been firmly established, but commonly considered candidates include age and/or the cluster dynamical state (see Fusi Pecci et al. 1993 ). On average, metal-poor clusters have blue HB stars, while metal-rich ones show red HB. However, the presence of BHB stars in old, metal rich SSPs is theoretically plausible (see ) and now observationally confirmed for some metal rich clusters in the galactic Bulge (Rich et al. 1997) . In this section we explore the effect on integrated colours of adding BHB stars on the 15 Gyr SSP, while keeping constant the HB fuel consumption. In this way, we simulate an IHB, as the red component is maintained. For this test we modify the (Te, g)ij matrix at ti=15 Gyr, j=HB, extending the temperature distribution to log Te ≃ 4; a flat stellar distribution is assumed. The surface gravity for each effective temperature is derived assuming a constant luminosity.
The result is shown in Fig. 25 . As expected, the (U −V ) colour is the most influenced by the introduction of blue HB stars. 
Varying the fraction of carbon stars
The initial metal content Z of a stellar population plays a key role in determining the production and the characteristics of carbon stars during the AGB phase (RV81). By reducing Z, the abundance of oxygen in the envelope is lower, thus a lower amount of carbon has to be dredge-up in order to achieve C/O > 1 and create carbon stars. Therefore, a metal poor stellar population is expected to display much more carbon stars than a metal rich one of the same age. Passing from Z ∼ 0.008 (appropriate for LMC) to Z ⊙ , the fraction of carbon stars is reduced by a factor of ∼ 2. To estimate this effect on integrated colours, we have reduced by a factor of 2 the amount of fuel burned by C stars (see Table 2 ), assigning it to M stars. Fig. 26 shows the result: the AGB phase-transition is still evident in the integrated (V − K) at intermediate ages, but the colour maximum value is reduced by ∼ 0.4 mag.
CONCLUSIONS
In this paper we have used the Fuel Consumption Theorem approach to compute evolutionary synthesis models (EPS) for Simple Stellar Populations (SSPs). The computational code has a modular structure, in which the main ingredients are kept as separate entries. This allows to investigate their impact on the results and to better assess the uncertainties. The TP-AGB contribution has been calibrated on LMC globular Clusters. A grid of SSP models, having a solar chemical composition and covering a wide age-range (30 Myr -15 Gyr), has been constructed and submitted to several observational tests.
Synthetic broad-band colours, compared with LMC GCs data, show a fair agreement. In particular, the observed rise in (V − K) colour at intermediate ages is well reproduced, as a consequence of the adopted calibration of the fuel consumption along the AGB phase. Comparing our results with others in the literature (Tantalo et al. 1996 and Bruzual & private communication) , we show that only a correct calibration of the AGB energetics allows to match simultaneously the observed optical and IR properties of intermediate-age clusters. A complete test of the luminosity contributions by the various synthetic evolutionary phases has been performed on the old Bulge clusters NGC 6553 and NGC 6528. The result is very satisfactory and an old age (t ≃ 15 Gyr) for these clusters is favoured.
Having so tested the procedure, these models along with similar ones for other chemical compositions now being computed, will be used for a variety of astrophysical applications.
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